The effects of dietary energy source and feed withdrawal on muscle glycolytic potential (GP) and blood acid-base responses to handling were investigated in slaughter-weight pigs (initial BW 94.7 ± 1.01 kg). Crossbred pigs (n = 96; 48 barrows, 48 gilts) were used in a randomized complete block design with a 4 × 2 × 2 factorial arrangement of treatments: l) diet [control, high fat (10% supplemental fat), lowdigestible carbohydrate (20% total starch), and highfat/low-digestible carbohydrate (10% supplemental fat and 20% total starch)]; 2) feed withdrawal (0 and 36 h); and 3) sex (barrow and gilt). Diets were fed for 28 d before the feed withdrawal treatment was applied, at the end of which all pigs were individually moved through a 12.20-m-long × 0.91-m-wide passageway for 16 laps (195 m total distance), with the assistance of an electric goad (2 times per lap). Longissimus muscle biopsies were collected at the beginning of the feeding and feed withdrawal periods and immediately after and 4 h after the handling procedure. Venous blood was collected 2 h before and immediately after the handling procedure to measure acid-base responses. At the end of the feeding period, pigs fed the control and high-fat diets were heavier (P < 0.001) than those on the lowdigestible carbohydrate and the high-fat/low-digestible carbohydrate diets (129.8, 130.9, 114.0, and 122.1 kg, respectively; SEM 1.91). Diet, feed withdrawal, and sex did not affect (P > 0.05) blood acid-base responses to handling. Muscle GP at the end of the feeding period and 4 h posthandling was least (P < 0.05) for pigs fed the high-fat diet and similar for the other 3 diet treatments. Pigs subjected to 36 h compared with 0 h of feed withdrawal had less GP (P < 0.05) immediately after and 4 h after the handling procedure. There was an interaction between diet and feed withdrawal treatments for changes in GP from the start of feed withdrawal to 4 h posthandling. The reduction in GP was greater (P < 0.05) for fasted than for fed pigs receiving the control and high-fat diets, but was similar (P > 0.05) for fasted and fed pigs receiving the 2 low-digestible carbohydrate diets. In conclusion, neither dietary energy source nor fasting affected blood acid-base responses to handling; however, fasting-induced changes in LM GP were diet dependent.
INTRODUCTION
The rate and extent of muscle pH decline postmortem affects the color and water-holding capacity of pork. In postmortem skeletal muscle, a greater glycolytic potential (GP) resulted in a low ultimate pH (Wittman et al., 1994; Juncher et al., 2001) , which was associated with reduced water-holding capacity and pale color (Miller et al., 2000; Hamilton et al., 2002) . Intense handling of pigs also resulted in extensive lactate production and a substantial reduction in blood pH (Hamilton, 2002; Bertol et al., 2005b) and has been associated with the occurrence of nonambulatory pigs during transport Ivers et al., 2002) .
The use of high-fat/low-carbohydrate diets (Rosenvold et al., 2001a (Rosenvold et al., ,b, 2003 and feed withdrawal (Warriss, 1982; Jones et al., 1985; Wittman et al., 1994) reduced muscle glycogen concentrations. Feeding supplementary fat has been shown to increase plasma FFA (Greenhaff et al., 1988; Bertol et al., 2005a) , reduce muscle cell glucose uptake and oxidative metabolism, and increase fatty acid oxidation in muscle cells (Roden et al., 1996; Park et al., 1998) . Reductions in muscle glycogen content and in glucose uptake by muscle cells in pigs fed high-fat diets could reduce lactate production during handling and muscle glycogen replenishment after handling with potential benefits both in terms of a reduction in nonambulatory pigs and an improvement in pork quality. Therefore, the objectives of this study were to evaluate the impact of dietary energy source and feed withdrawal on the dynamics of muscle glycogen content and blood acid-base responses to handling in slaughter-weight pigs.
MATERIALS AND METHODS
The protocol for this study was approved by the Institutional Animal Care and Use Committee of the University of Illinois.
Experimental Design and Animals
The study was carried out as a randomized complete block design with a 4 × 2 × 2 factorial arrangement of treatments: l) diet [control, high fat (10% supplemental fat), low-digestible carbohydrate (20% total starch), and high-fat/low-digestible carbohydrate (10% supplemental fat and 20% total starch]); 2) feed withdrawal (0 and 36 h); and 3) sex (barrow and gilt). The blocking factor was day of start on study. The experimental diets were fed for a 28-d period at the end of which the feed withdrawal treatments were applied.
Ninety-six crossbred pigs [progeny of line 337 sires mated to C22 dams (PIC USA, Hendersonville, TN)] with an initial BW of 94.7 ± 1.01 kg were used in 2 blocks over time with 48 animals (24 gilts and 24 barrows) in each block. Pigs were allotted to like-sex pens of 3 on the basis of BW to form a total of 32 pens that were randomly allotted to treatment within block.
Housing and Diets
Pigs were housed in an environmentally controlled finishing building located at the Swine Research Center, University of Illinois. Pens had part-solid, partslatted floors and provided a floor space of 1.08 m 2 / pig. The facility was naturally ventilated and was fitted with a thermostat and gas heaters to control ambient temperature within a range of 16 to 18°C.
Throughout the study, animals had ad libitum access to water and to a diet that met, or exceeded, the requirements for finishing pigs proposed by NRC (1998).
The control diet was based on corn and soybean meal (Table 1) . Dried sugar beet pulp and soybean hulls were used in the low-digestible carbohydrate diets to reduce the digestible-carbohydrate content (Table 1) . High-fat quantities were obtained by adding soybean oil (10%). Diets varied in energy content but the ratios of ME to Lys, Met, and Thr, and the Trp-to-Lys ratio were maintained approximately constant across treatments.
Handling Procedures and Data and Sample Collection
The timing of sampling and measurements taken during the study period is illustrated in Figure 1 . Pigs were weighed and a LM biopsy sample was taken at the start and at the end of the 28-d feeding period, at which time the feed-withdrawal treatment was imposed. Thirty-six hours after the beginning of feed withdrawal, rectal temperature was recorded and 2 blood samples were collected for assessment of baseline values of blood gases and metabolites. The handling procedure was applied 2 h later. Immediately after handling, rectal temperature was recorded and 2 blood samples and an LM biopsy sample were collected. The pigs were then returned to their home pen and allowed to rest for 4 h, after which a fourth LM biopsy sample was collected and the pigs were weighed. Pigs were restrained by a nose snare for less than 30 s during blood sampling but were unrestrained during the biopsy procedure.
The handling procedure consisted of moving pigs individually through a passageway (12.20 m long × 0.91 m wide) for 16 laps (195 m total distance). Pigs were stimulated to move using an electric goad (Hot-Shot Green HS2000 with a fiberglass shaft, Miller Manufacturing Co., Eagan, MN) and a moving panel. Each pig was subjected to 2 single, short-duration shocks (approximately 0.5 s) from the goad at the start and in the middle of each lap through the passageway for a total of 32 shocks. Generally, most of the pigs ran through the passageway during the handling procedure. Treatments were alternated during the handling procedure to avoid bias related to changes in the handler and the environmental conditions. The number of handling interventions (including all shocks from the electric goad, and any additional pushes either with the moving panel or directly by the handler) used during the handling procedure was recorded for each pig.
Rectal temperature was measured using a digital thermometer (GLA Agricultural Electronics, San Luis Obispo, CA). Two venous blood samples were collected via venipuncture of the jugular into glass Vacutainer tubes (10 mL; BD, Franklin Lakes, NJ). One sample was collected into a lithium heparinized tube and the other into a tube without any additive. Immediately after collection, blood samples from the lithium heparinized tubes were assayed for glucose, lactate, pH, HCO 3 , base excess, partial pressure of oxygen, partial pressure of carbon dioxide (PCO 2 ), total carbon di-oxide (TCO 2 ), and saturation of oxygen (SO 2 ) using a portable clinical analyzer (i-STAT Corp., Princeton, NJ). The reportable range for these analyses were glucose, 20 to 450 mg/dL; lactate, 0.30 to 20.0 mmol/L; pH, 6.5 to 8.0; HCO 3 , 1 to 70 mmol/L; base excess, −30 to +30 mmol/L; partial pressure of oxygen, 5 to 800 mmHg; PCO 2 , 5 to 130 mmHg; TCO 2 , 1 to 70 mmol/L; and SO 2 , 0 to 100%. The blood samples taken in the tubes without additive were allowed to stand for approximately 2 h until separation of serum occurred and then centrifuged at 2,000 × g for 15 min at ambient temperature. Serum was transferred into plastic microcentrifuge tubes (2 mL) and stored at −20°C until required for analysis of FFA content, which was carried out using an enzymatic colorimetric assay that used acyl-CoA synthetase and acyl-CoA oxidase coupled to peroxidase (Sigma Diagnostics, St. Louis, MO).
The biopsy samples were collected from the center of the LM for determination of GP. The first sample (taken at the beginning of the feeding period) was collected at the level of the last rib on the left side of the pig, the second sample (taken at the end of the feeding period) was collected 10 cm cranial from the last rib on the left side of the pig, the third sample (taken at the end of the handling procedure) was collected at the level of the last rib on the right side of the pig, and the fourth sample (taken 4 h after the handling procedure) was collected 10 cm cranial from the last rib on the right side of the pig. All biopsy samples were collected within the range from 10th to last rib, which is the region of minimal intra-LM variation in GP shown by Bertol et al. (2006) . A spring-loaded biopsy instrument (Biotech PPB-U, Nitra, Slovakia), set to penetrate 5.0 cm, was used for biopsy collection. The weight of the biopsy sample was approximately 450 mg. After collection, the muscle samples were trimmed of skin, fat, and connective tissue and immediately frozen in liquid N 2 . Samples were stored at −80°C and were freeze-dried before analysis.
GP Analysis
Preparation of biopsy samples and determination of GP were described in detail by Hartschuh et al. (2002) . The assay used to simultaneously measure glycogen + glucose + glucose-6-phosphate content was a modification of the method described by Keppler and Decker (1974) . A commercial diagnostic kit (Kit 826-A, Sigma Diagnostics) was used for assaying muscle lactate. Calculation of GP was according to the formula of Monin and Sellier (1985) : GP = [2 × (glucose + glucose-6-phosphate + glycogen)] + lactate.
Statistical Analysis
Pen was considered the experimental unit for all measurements. Analysis of variance was carried out using the PROC MIXED procedure (SAS Inst. Inc., Cary, NC). A limited number of the variables were not normally distributed and were log-transformed before analysis. The model used for analysis included the fixed effects of diet, feed withdrawal, and sex, the random effect of block, and 2-and 3-way interactions. Interaction terms that were not statistically significant (P > 0.05) were dropped from the final model used for the analysis. Means were considered statistically different if P < 0.05; P-values between 0.05 and 0.10 were considered trends in differences between means. For variables that differed among treatments (P < 0.05), least squares means were separated using preplanned pairwise contrasts (PDIFF option of SAS).
RESULTS AND DISCUSSION

Growth Performance
Pigs fed control and high-fat diets had the greatest growth rates and end BW, those on the low-digestible carbohydrate diet had the least, with pigs fed the highfat/low-carbohydrate diet being intermediate and different from the other 3 diets ( Table 2 ). The greatest (P < 0.001) ADFI was observed for the control diet and the greatest G:F ratio (P < 0.001) was for the high-fat diet. Improved feed efficiency in pigs fed high-fat diets has been found in other studies (Engel et al., 2001) and results from the greater ME content of this diet (Table  1 ) and less heat increment of fat compared with carbohydrates (Stahly, 1984) .
Reduced growth rates for pigs fed the 2 low-digestible carbohydrate diets was due to less feed intake and also reduced feed conversion efficiency for these diets. These effects can be related to the greater dietary fiber in the low-digestible carbohydrate diets compared with the control and high-fat diets (Table 1) ; Rosenvold et al. (2001a,b) also found a negative relationship between dietary fiber level and feed intake. In addition, Rosenvold et al. (2001b) found reduced feed efficiency for pigs fed diets with greater fiber content compared with those fed diets based on corn and soybean meal.
Barrows had greater (P < 0.05) start and end BW than gilts (Table 2) , and there was a tendency (P = 0.10) for barrows to grow faster than gilts during the feeding period. Most previous studies have shown faster growth for barrows than gilts in the finishing phase (Latorre et al., 2003 (Latorre et al., , 2004 See et al., 2004) .
There was an interaction (P < 0.05) between sex and feed withdrawal for BW at the end of the feed withdrawal treatment (Table 2) . For nonfasted pigs, gilts were lighter than barrows, whereas there was no difference between the sexes for the fasted pigs. As expected, BW loss during the period of feed withdrawal was considerably greater (P < 0.05) for fasted than for fed pigs (Table 2) .
Handling Responses
Effect of Diet. There was no effect (P > 0.05) of diet on rectal temperature measured at baseline (Table 3), immediately posthandling (Table 4) , or for the change between baseline and posthandling (Table 5 ). There was a trend for pigs fed the 2 fat-supplemented diets to have greater serum FFA concentrations at baseline (P = 0.06) and, also, immediately after han- Feed withdrawal × sex interaction (P < 0.05).
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Excluding the pigs submitted to feed withdrawal.
Dietary energy source and feed withdrawal dling (P = 0.07) compared with the control and the low-carbohydrate diet (Tables 3 and 4) . These results are in agreement with several other studies that have shown greater concentrations of serum FFA in humans (Greenhaff et al., 1988) and pigs (Bertol et al., 2005a) fed high-fat diets. However, there was no effect (P > 0.05) of diet on changes in FFA levels during handling (Table 5) .
There was an interaction (P < 0.05) between diet and feed withdrawal treatments for baseline lactate concentrations (Table 3 ). In addition, there was an interaction between diet and sex for changes between baseline and posthandling concentrations for blood SO 2 (Table 5) . In both cases, the differences between the interaction means were relatively small and inconsistent, and of limited practical significance (Bertol et al., 2005a) .
Diet had no effect (P > 0.05) on other baseline (Table 3) and posthandling (Table 4) blood measures, or the change in blood measures from baseline to posthandling (Table 5) . Thus, overall the effects of diet on the blood variables measured in this study were very limited and of little practical significance.
Diet influenced the number of interventions each pig received during the handling procedure (Table 4) . Pigs fed the control and high-fat diet required more (P < 0.05) interventions to complete the handling procedure than pigs fed the low-digestible carbohydrate diet, whereas pigs fed the high-fat/low-digestible carbohydrate diet were intermediate and not different than the other treatments (Table 4) . Interestingly, the treatment with the least number of handling interventions also had the lightest BW, and it is possible that the treatment differences in handling were the results of differences in BW and not due to the diets per se. Although it is often claimed that heavier pigs are more difficult to move, there has been little research carried out in this area, and further study is needed to understand the effects of BW and of diet on pig behavior during handling.
Effect of Feed Withdrawal. Serum FFA concentrations were greater (P < 0.01) in fasted than in fed pigs for measurements taken at baseline and immediately posthandling (Tables 3 and 4) , which is in agreement with previous research (Wangsness et al., 1981; Fernandez et al., 1995; Bertol et al., 2005b) . However, there was no effect (P > 0.05) of feed withdrawal on changes in FFA concentrations during the handling procedure (Table 5 ), a result that is similar to that of Bertol et al. (2005b) .
There was no effect (P > 0.05) of feed withdrawal on baseline blood glucose concentrations (Table 3) ; posthandling glucose concentrations (Table 4 ) and the change in blood glucose concentrations from baseline to posthandling (Table 5) were less for fasted than for fed pigs. Baseline values for blood pH were greater and PCO 2 values less in fasted than in fed pigs (Table  3) . With the exception of blood FFA and glucose concentrations discussed above, there was no effect (P > 0.05) of feed withdrawal on blood variables measured immediately posthandling (Table 4) or on the change in these variables from baseline to posthandling (Table  5) . Thus, the only effects of feed withdrawal on blood variables were the greater FFA concentrations pre-and posthandling, the greater baseline blood pH, and the decreased posthandling glucose concentrations. These results, therefore, suggest that a 36-h feed withdrawal period does not reduce the blood-acid base response of pigs to short-term, relatively high-intensity handling. This is surprising given the increase in baseline blood pH values, which were measured after 36 h of fasting, which, in theory, should make pigs less susceptible to developing metabolic acidosis. Schaefer et al. (1987) also found that fasting for 24 h increased blood pH. However, in contrast to the results of the present study, these authors also found increased blood TCO 2 , bicarbonate, and base excess in pigs fasted for 24 h. Schaefer et al. (1987) found that differences in blood variables between fasted and fed animals evident after 24 h of fasting had disappeared after 48 h of feed withdrawal. This suggests that any response in blood acid-base status to fasting is dependent on the time of feed withdrawal. Further study is required to evaluate the effect of time of fasting as well as that of a more prolonged handling stress, such as can be experienced during the transportation process, on blood acid-base balance and the incidence of metabolic acidosis.
Effect of Sex. Baseline blood lactate concentrations were greater (P < 0.05) in barrows than in gilts (Table 3) ; however, the difference between the sexes was limited and there were no sex differences for posthandling lactate concentrations (Table 4) or the change in lactate concentrations from pre-to posthandling. With the exception of the sex × diet interaction for changed in blood SO 2 levels previously discussed, there were no differences (P > 0.05) between the sexes for other blood variables measured at baseline (Table 3) or after handling (Table 4) or for the change between baseline and posthandling (Table 5 ). There was an interaction (P < 0.05) between sex and feed withdrawal for baseline and posthandling rectal temperatures (Tables 3 and 4) . There was no effect (P > 0.05) of feed withdrawal on rectal temperature in gilts. Rectal temperature was less (P < 0.05) in fasted than fed barrows at both measurement times (Tables 3 and 4) . Bertol et al. (2005b) found that feed withdrawal reduced rectal temperature in both barrows and gilts, and therefore, it was unexpected that this effect was only observed in barrows in the present study.
Glycolytic Potential
Effect of Diet. There were no dietary treatment effects (P > 0.05) on GP at the start of the feeding period (Table 6 ). However, GP at the start of the feed withdrawal period (end of the feeding period) was less (P < 0.05) for pigs fed the high-fat diet than for those Within a row, means with a different superscript letter differ (P < 0.05).
1 LDC = low digestible carbohydrate; HF = high fat; HF-LDC = high fat-low digestible carbohydrate.
2
Feed withdrawal × sex interaction (P < 0.05).
3 PCO 2 = partial pressure of carbon dioxide; TCO 2 = total carbon dioxide; PO 2 = partial pressure of oxygen; SO 2 = oxygen saturation.
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Statistical analysis was conducted on log-transformed values. Table 5 . Least squares means for the effects of diet, feed withdrawal, and sex on changes in rectal temperatures and blood variables in slaughter-weight pigs from 2 h before handling to immediately after handling Dietary energy source and feed withdrawal Feed withdrawal × sex interaction (P < 0.05).
Diet × sex interaction (P < 0.05).
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Diet × feed withdrawal interaction (P < 0.05).
fed the control and low-digestible carbohydrate diets, with those fed the high fat-low digestible carbohydrate diet being intermediate and not different from the other 3 diets.
There was an interaction (P < 0.05) between sex and diet for GP immediately after the handling procedure (Table 4 ). For gilts, there was no effect (P > 0.05) of diet on GP. For barrows, values were greater for the control compared with the other 3 diets. This result was unexpected, particularly because there were no sex × diet interactions for the GP values measured at other times or for changes in GP (Table 6) .
Four hours after handling, GP was less (P < 0.05) in the pigs receiving the high-fat diet than in the pigs fed the other 3 diets that had similar values (Table 6 ). This result is in agreement with the study of Spencer et al. (2005) that showed a tendency toward reduced postmortem LM GP in finishing pigs fed diets containing 8% compared with 1% added fat.
There was an interaction (P < 0.05) between diet and feed withdrawal treatments for changes in GP from the start of feed withdrawal to 4 h after the handling procedure ( Figure 2) . Fasting had no effect on the change in GP in pigs fed the 2 low-digestible carbohydrate diets but resulted in a greater reduction in GP compared with unfasted animals for the control and high-fat diets. This suggests that the effects of fasting on changes in muscle GP during handling and subsequent recovery are diet dependent and that fasting will have minimal effect if low-digestible carbohydrate diets are fed.
There have been no comparable studies investigating the interaction between dietary energy source, fasting, and exercise in finishing pigs. Rosenvold et al. (2001a) reported that muscle glycogen was reduced by exercise in pigs fed a high-fat/low-digestible carbohydrate diet containing increased quantities of inulin, but not in pigs fed a conventional control diet. These authors submitted pigs on all treatments to a shorter feed withdrawal period (12 to 15 h) than used in the current study, and thus, their results are more likely to be consistent with those obtained in the present study with nonfasted pigs. Fernandez et al. (1995) observed a reduction in the glycogen content of the LM of fasted but not fed pigs submitted to agonistic encounters, which is similar to the results of the current study. Fasting-induced depletion of muscle GP or glycogen content was also reported in the studies of Warriss (1982) , Jones et al. (1985) , and Wittman et al. (1994) , which used fasting times varying between 24 to 48 h. In other studies, muscle glycogen and GP of pigs were not affected by up to 48 (Warriss and Brown, 1983) or 60 h (Bidner, 1999) of feed withdrawal. Differences between studies in the effect of fasting on muscle glycogen content and GP may reflect the manner in which the pigs were handled during the period of feed withdrawal.
The expected outcome of feeding high-fat diets would be a reduction of muscle glycogen content and a consequent reduction in lactate production during exercise. Increases in plasma FFA, such as observed when high-fat diets are fed, results in insulin resistance and a consequent reduction in glucose uptake by muscle cells, and decreased oxidative and nonoxidative glucose metabolism (Roden et al., 1996; Park et al., 1998) . This should lead to reduced glycogen synthesis and storage in the muscle (Roden et al., 1996) , less muscle GP, and a reduced response in blood pH induced by exercise. Although serum FFA concentrations tended to be increased in pigs fed the high-fat diets in the present study, baseline blood glucose and posthandling blood lactate, pH, and bicarbonate were not influenced by dietary energy source. Greenhaff et al. (1988) observed increased blood glucose and reduced blood lactate concentrations after short-term, high-intensity exercise in humans receiving high-fat/low-carbohydrate diets, but blood pH was less and muscle lactate was similar to individuals that were fed a low fat-high carbohydrate diet. The results of the current study suggest that if high-fat diets alter muscle energy metabolism toward an increase in fatty acid oxidation, then short-term, intense exercise, such as used here, may not be sufficient to affect lactate production within the muscle. On the other hand, the reduction in muscle GP observed in pigs fed the high-fat diet in the present study indicates that feeding such a diet effectively reduced muscle glycogen content.
Effect of Feed Withdrawal. In the present study, it is not possible to separate the effect of feed withdrawal on muscle GP from that of the handling procedure because feed withdrawal was evaluated only in association with handling to limit the number of biopsy samples required from each animal. There was no difference (P > 0.05) between fed and fasted pigs for GP level at the start of the feeding period (Table 6) , which was as expected. However, there was a feed withdrawal × sex treatment interaction for muscle GP levels at the start of the feed withdrawal period, which is most likely Means with different letters differ (P < 0.05). LDC = low digestible carbohydrate; HF = high fat; HF-LDC = high fat-low digestible carbohydrate.
due to chance because the feed withdrawal treatments had not been imposed when this measurement was taken. Muscle GP immediately and 4 h after handling was less (P < 0.05) in fasted than in fed pigs. Also, the change in GP from the start of the feeding period to 4 h posthandling (Table 6 ) was greater (P < 0.05) in fasted than in fed pigs.
Effect of Sex. There was no effect (P > 0.05) of sex on GP at the beginning (start of the feeding period) and end (4 h after handling) of the study period (Table  6 ). In addition, there was no effect (P > 0.05) of sex on any of the changes in GP. These results suggest that there was little difference between barrows and gilts for absolute levels of GP over the study period.
In summary, the dietary energy and feed withdrawal treatments evaluated in this study, either separately or in combination, did not affect blood acid-base balance or changes in acid-base measures induced by short-term intense handling. Consequently, the incidence of transport losses resulting from metabolic acidosis is unlikely to be reduced by these potential interventions. Longissimus muscle GP was reduced at the end of the study period (i.e., after simulated intense handling followed by a recovery period) both by feeding high-fat diets and by 36 h fasting; these approaches, either used separately or in combination, could be effective production practices to reduce preslaughter muscle GP and, consequently, improve pork quality. Further research is necessary to determine the minimum amount and period of dietary fat supplementation to attain maximal reduction of muscle GP and to establish the effect of dietary fat level, fasting times, and handling practices on meat quality.
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